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ABSTRACT 


In many analog simulation experiments X-Y plotters 
are used as output devices. Servomechanical recorders 
have good accuracy, but have poor frequency response and 
also they are expensive. A X-Y plotter without Servo- 
motors and using mainly electronic circuits has been de- 
signed and fabricated. In this plotter mostly ihdegeneouS 
components are used. 

The principle of "plotting a curve using a finite 
number of points" has been used. Analog signal to be 
plotted is converted into digital form, which is used to 
select points from an (8x8) matrix of points. Selection 
is done by coincidence technique (coincidence of X and Y 
wires) . Instead of using one pen and moving it to each 
point for plotting, a small felt pen is kept at each point. 
These pens will make marks on the paper kept above, whenever 
they are selected. This eliminates X and Y direction move- 
ments of the pen increasing the frequency response of the 
plotter. Suggestions have been made to improve this model. 
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INTRODUCTION 

Every electrical si^flial which carries InforHiation is 
a fiinction of time. It is necessary in a number of appli- 
cations to have accurate record of the signal . In many 
analog simulation experiments it is necessary to plot a 
graph of two related variables X(t) and Y(t} one against 
another. 

This can be done using cathode ray oscilloscope and 
photographing it, or using an electromechanical recorder. 
Cathode ray oscilloscopes have higher bandvridth, but photo- 
graphy is expensive. Servomechcinical recorders have good 
accuracy (1%) but have poor frequency response, the band- 
width being 0--100 Hzs due to the physical movements involved 
Further servo motors are expensive. 

Hence the aim of this project is to design a X-Y 
plotter for analog computer satisfying the following condi- 
tions. 

1. The bandwidth of the plotter should be 0-1 KKz so 
that it can be used for recording the output of the analog 
computer without recorder limitation in time scaling. 
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2. The plotter should be built as far as possible 
using indegenous components, 

flexible 

3. The design should be /so that both discrete and 
integrated circuit components can be used to minimise 
the cost. 

4 . The plotter should be rugged such that it can be 
used by the students in the regular laboratory experi- 
ments. 

5. The total cost of the plotter should not exceed 
1000 rupees. 

Servo-mechanical plotter 

The electromechanical X-Y recorders usually record 
two analog input variables simultaneously, employing two 
identical, independent, self balancing, closed loop 
servomechcinisms . One controls the motion in X direction 
and other in y direction proportional to the input signals 
representing the two related functions. The pen, by its 
position on the arm, generates a position voltage at all 
times, indicating the actual position of the pen with 
respect to the zero point. External input voltage is 
subtracted from this voltage and the difference voltage, 
after being converted into a suitable form (modulated 
a.c. signal) , actuates the control winding of a 2-phase 
induction servomotor. When the pen reaches the desired 
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position the actuating signal becomes zero. 

The main factors limiting the frequency response of ; 

this type of plotter, are the speed response of seirvo- i 

motors, and mechanical arrangements for the movement of 
the pen. Further, these motors are expensive. Hence : 

the idea of using servomotor was rejected. So it is | 

necessairy to try the feasibility of seme ether plotting 
mechanism, which dees not require sluggish servomotors. I 

Plotting by points ' 

I 

Any curve can be represented using a finite number of 

i 

points . The number of points needed depends upon the [ 

i 

accuracy needed and rate of change of slope of the curve. i 

■ i 

So it is sufficient if we plot a curve using a finite 
number of points. This type of plotting makes it feasible 
to use digital circuits instead of analog circuits. Digital 
circuits are less expensive due to their modular structure. 
The cost of analog circuit increases exponentially with 
accuracy desired whereas the cost of digital circuit 
increases only linearly with accuracy. 

Thus it was decided to design a plotter which will I 

I 

sample and quantize the curve and plot individual points 
of the curve. An (8x8) matrix of points is chosen for 
plotting. It is assumed that the analog signal 
varies between + 3.5 vplfs and X(t) varies between 0 and 
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8.5 volts. Therefore 8 voltage levels at a one volt step, 
along both the axes cover the entire plotting range. The 

' „ '' I 

quantization can be pictured as a set of parallel wires I 

denoting discrete voltage levels, covering the entire 
plotting range. Two such sets are placed mutually perpem- 
{tiQular to each other and the points of intersection of 
these lines form {8x8) matrix of points. 

■ " * 

I 

1 


(GZu) 



Figure 1; Block diagram of the proposed 
; ' , plotte*: ' 
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In Figure 1 block diagram of the proposed plotter is i 

i 

given. The analog signal to be plotted is converted into 
digital form in each sampling interval by the analog to 
digital converter. The digitised values of X(t) and Y (t) 

, ' ■■ ■ . ■ I 

are used to select any one of the points in each interval ; 
by coincidence technique. T^en a particular point is 
selected, a mark is to be made at that point. : 

Different techniques of plotting points were tried . j 

■ ' ■ ■ ■ ' I 

. 

They are described below. 

Method 1. 

— „ I 

A potential difference is created between two sides 
of a paper soaked in some electrolyte like K 2 Cr 207 or KI 
or CuSo^, at the selected point. Due to electrolysis taking 
place some coloured mark is developed at that point. But 
the drawbacks of this technique are; 

1. For electrolysis to take place, the complete paper 
must be wet. This condition makes it inconvenient to handle 
the paper. 

2. After sometime the complete paper changes its 
colour. 

Method 2 - Light sensitive paper 

At each plotting point a small bulb is kept. 

Whenever a particular point is selected, the bulb at that 
point lights. Over the bulbs some transf lucent sheet 
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is kept and small holes, one corresponding to each bull? 
are made o An ammonia paper on which the point is to be 
taken, is placed with the sensitive side facing the bulbs. 
When a bulb lights, a fine beam of light passes through 
the hole, producing a mark on the paper. Since it takes 
about 5 minutes to record a mark, this method is too slow 
for the present application. 

Method 3 - Teledeltax paper 

piJhen a potential difference of 5 to 10 volts is 
established between the two sides of Teledeltax paper, a 
spark is produced which makes a hole at that point. But 
this paper is expensive and hence cannot be employed 
for regular use. 

Method 4 - Heat sensitive paper 

The selected points can be marked by using heating 
elements in the plotter. VThenever a particular heating 
element is selected, current is passed through it and it 
gets heated up. This is made to make a mark on the 
heat sensitive paper (Sanb’c^'s Paper) kept above. But the 
time required to get sufficient heat is of the order of 
1 sec and the paper is expensive. 

Method 5 - Dse of ordinary paper and felt pens 

Marks can also be made by keeping small felt pens at 
each point. Whenever a particular point is selected the 
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corresponding pen is lifted up which makes a mark on the 
paper kept above. The lifting of the pen can be achieved 
by using small pemanent magnet and a moving coil enclosing 
the magnet, ^'Jhenever a particular point is selected current 
is passed through the coil. The coil moves up due to the 
force of repulsion and hence the pen is lifted up. To 
get appreciable movement, the current through the coil 
should be maintained atleast for 20 msec. This will again 
affect the bandwidth of the plotter. To overcome this 
some electronic circuits are used. 

In the following chapters the design of a plotter 
using felt pens is discussed in detail. 
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CHAPTER 2 
SYSTEM DESIGN 


2.1 Specifications 



Attenuators The output from the analog computer (input 
to the plotter) varies between -10 volts and +10 volts. 
The signal is attenuated such that it varies between -3.5 
Volts and +3.5 volts. One 10 K ohm potentiometer is used 
as attenuator. 

Analog to Digital Convertor 

Simultaneous conversion technique is used here. The 
maximxam conversion rate of A-D convertor should be 8 KHzs. 
A detailed discussion of some other familiar techniques is 
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given in Appendix A which will be helpful when one would 
like to improve the accuracy of this plotter. 

The -selection circuit selects any one of the 8 wires 
during each interval depending upon the digital output of 
the analog to digital convertor. The driver feeds 50 ma 
current to the coil at the selected point. The mechanical 
construction of (8x8) matrix of points is given in Appendix 
B. 

2.2 Analog to Digital Convertor 

A voltage analog to digital convertor can be defined 
as ’’a device that accepts a voltage parameter as input and 
produces a coded digital signal as its output”. Different 
techniques of analog to digital conversion are available. 
Here simultaneous conversion technique is used because it 
is cheaper when the number of bits used (3 bits in our case) 
is small. It is also faster. 

Simultaneous Conversion Technique 



Figure 2s Simultaneous Conversion Technique 
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The input analog signal is sampled at a rate deter- 
mined by the clock frequency. The output of the sampler 
is fed simultaneously to 8 comparators each of which 
responds to a different level of input voltage. Each 
comparator determines only one unique quantization level. 
The output of the comparators are fed to the conversion 
logic which gives the digital output. This digital value 
corresponds to the sampled analog input at that interval 


of time. 



CHM>TER 3 


DESIGN OF INDIVIDUAL BLOCKS 

3 . 1 Clock 



Figure 3; Clock 

This particular configuration of as table is used 
to get good collector waveform with vertical edges. In the 
conventional type of astable the leading edges will not rise 
sharply due to the base current of the transistor in satura- 
tion, flowing through the collector load of the transistor 
in cut off. When is driven off, its collector goes to 

and so D^ is reverse biased and T 2 goes into saturation. 
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The saturation base current of T 2 passes through C 2 and R 2 
and not through Since no longer passes through R^ 

the collector v;ave form has vertical edges. In Figure 3> 
atnd R^ are two ten turns helical potentiometers. By varying 
this we can get linear variation of the frequency of oscilla- 
tion, The clock is designed such that the frequency can be 
varied continuously from 10 Hzs to 800 Hzs in two steps. 

3.2 Sampling gate 



Figure 4s Sampling Gate 
single FET is used as series chopper. The 
output from the clock after proper level shifting (+15V) is 

used as control signal for the sampling gate. The control 

■ ■ ■ ■ 

signal is applied to the floating end of the diode D, in 
Figure 4 . When the control signal is positive (+15V) the 
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dio<3e is reverse biased. The lOOK resistor from source 
to gate will make the gate follow the input potential as 
long as is reverse biased. Eence the input emalog voltage 
appears across I''7hen the control signal is negative (-15V> 

the diode starts conducting and hence negative potential 
appears between gate to source and the FET turns OFF . Thus 
we get, at the output, the sampled input analog signal. 

3 . 3 Comparator 

Schmitt Triggers V7ith different reference voltages 
(each corresponds to one quantization level) are used as 
amplitude comparators. 



Figure 5s Schmitt Trigger 
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Vj. corresponds to one of the quantized voltage levels. Both 
Vj- and {Vj.+10) are applied externally. The transistor T 2 is 
normally off giving -2 0¥ as output. Transistor Tj^ will remain 
conducting and the corresponding collector voltage being -15V, 
All comparators get the sampled voltage from the gate through a 
buffer, I'Thenever the sampled voltage is greater than tlien 
all such comparators will change their states bringing T^ to 
cut off and T 2 to conducting. The corresponding output voltage 
of T 2 is -15V. Now we have to find that comparator with 
highest reference voltage and which has also changed its state 
(T 2 conducting). The reference voltage corresponding to this 
comparator is the quantized value of the sampled analog voltage. 
The selection of the comparator with highest reference voltage 
is done by "selection circuit" which will be discussed in the 
next section. 

Before that let us see what are the special merits 
of this particular Schmitt trigger configuration. Normally in 
other Schmitts where external threshold is not applied there 
will be some hysterisis vjhich is due to the upper and lower 
trip points occuring at different voltage levels as shown in 



V. 
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I 

; u.T.p 
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Since in our circuit we use external voltage as 

reference voltage^, both U.T.P, (upper trip point) and L.T.?. 

(lower trip point) lie in the same voltage level as shown 

in Figure 7 . The other advantage is that in this Schmitt 

trigger, irrespective of the threshold voltage, the ON voltage 

is -15 volts and OFF voltage is -20 volts whereas in the normal 

configuration, where there is no externally applied reference 

voltage, the OK output voltage will be different for different 

upper tripping points. Thus this particular configuraticxi 

used is very convenient for performing logical operations. 

11 ] 

To get the various reference voltages, potential dividers 
are used. 

3.4 Selection Circuit 

As we have seen before we have to select that Schmitt 
trigger v/ith highest reference voltage and which has also 
changed its state. Suppose we represent the two states of the 
comparator as A^ and A^ where Aj^ denotes (-ISV) and A^ denotes 
-20V. Now our problem is to find two adjacent comparators, 
one comparator being in -15V state and the next one being in 
-20V state (Here -15V and -20V are corresponding to the collector 
voltages of transistor T 2 only). In other words we have to 
find two adjacent conparators such that A^.A^+l is true. 

This can be realised in the following way (Figure 8-a) . 
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But the above direct realisation using separate gates needs 
two logical gates for each set of comparators. The same 
logical function can be realised using one n-p-n transistor 
as shown in Figure S-b, 



Figure 8-a. 


»K 



Figure 8-bs Selection circuit 

e^ can be calculated when Ajj = -20 volts and A^+i = -20 volts 
as given below; 

Vg = -20 X 15/16 = -17,6V Vg = -20V 
Since the emitter base junction is reverse biased, the transis- 
tor is in the cut off and hence e^ = 0. :r 

Let = -20 volts and = -15 volts. 

Now Vg = -17,5 volts Vg = -15 volts 

Here emitter base jmction is forward biased and hence Vg 

appears in the output. Similarly it can be seen that when 
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volts and = -IS volts the transistor is in cut 

off mode. 

Thus it is seen that the above circuit always selects 
the adjacent pair comparators that hold complementary outputs . 

The output of selection circuit is either -17.5 V or 0 
volts. The difference in voltage levels is very high. It will 
be convenient if the logical levels are made as +3.5 volts and 
0 volt. This can be achieved by using the following circuit 
(Figure 9) which shifts the levels correspondingly. 



Figure 9; Logical level shifter 

^iThen e. is 0 volt e. is + 3.5 volts and V7hen e-., 

ID o in 

is -17.5 volts e^^ is 0 volt (Figure 9) , It can be seen that 
logic levels are shifted to 0 volt and +3,5 volts and also 
the logical variable appear in the complemented form. This 
will be useful latter when AKD function is obtained using 
NOR gate (MC 824) 
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3 o 5 Pen Driver 

As explained before;, felt pens with magnets and 
moving coils are used for plotting » The magnet used is 
cylinderical pemanent magnet of size 7mmxl2mm. The 

arrangement of the magnet is given in the Figure 10, 

Coi-L .. ^ ^ 

^ Air GaP 



x«o«v cas£ 



Figure 10; Magnet and Coil 
In the air gap the field is radial. A small coil 
is kept in the air gap so that it encloses the magnet and 
can also freely move up and down. Whenever 50 ma of current 
is passed through the coil, the coil moves up or down depending 
upon the direction of the current. The force with which the 
coil moves up is sufficient to lift the small felt pen. 

But it 'is observed that unless the current through the 
coil is maintained for atleast 20 msec, we could not get 
appreciable movement of the coil. Hence for plotting 
each point we have to spend atleast 20 msecs. To plot a 
full waveform, if we use 8 points, then the total time taken 
for plotting one full cycle is 1^0 msec. Hence the bandwidth 
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of the plotter is only 6 Hzs. This is poorer than mechanical 
plotter. 

So in order to inert ase the badwidth, which is 
one of the motivations of this project y we should either 
try to decrease this 20 msec time or find some means which 
overcomes this.. The circuit shown in Figure 11, is used 
which will effectively serve our purpose. 



viierator with a time delay of 40 msec. T 2 is normally in 
saturation and in cut off. The base of T 3 is returned 
to collector of T 2 through a 1.2K resistor. Hence whenever 
T 2 is in saturation, T 3 is cut off and whenver T 2 is cut off 
T^ conducts. The moving coil and a series resistance, 
form the collector load of the transistor T 3 . Whenever a 
particular point is to be selected we pulse the corresponding 
monostable multi viierator, so that T 2 cuts off and T^ conducts 
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Since the delay is adjusted for 40 msec T 3 will roiiain in ’ 
conduction for 40 msecs . Hence the coil in the collector 
will be getting enough current continuously for 40 msecs. 

Here one important thing to be observed is that the 
minimum pulse width required to trigger the multiviisrabor is 
only of the order of 50 n secs. So once we pulse the mono- 
stable multiviierator^ we need not wait until the coil moves 
up and v;e can proceed to select the next point. In other 
words we can sample the input analog voltage as fast as 10 ^ 
samples per sec. Sc the mechanical time constant of the moving 
coil no more restricts the bandwidth of the plotter. 

Another technique that could have been used is to 
have core memory. The input signal is digitised at high 
rate and stored in the memory. Then the memory can be scanned 
at a lower speed as required by the moving coil. Of course 
this needs extra scanning and control circuits, thus increasing 


the cost. 


CHAPTER 4 


CONCLUSION 


In this method the distance between two points cannot 
be reduced by less than 7 mm. This is due to the restric- 
tion . imposed by the physical dimensions of the magnets used. 
Besides this the ink in the pens used for the plotting if 
exposed for a long time to the atmosphere dries up. However, 
arrangements have been made to shield all the pens when the 
plotter is not in use. 

To eliminate the above problems, heating elements are 
used in place of pens and the experiment turns out to be 
practical. Heater elements are fixed on small bases and they 
are kept heated permanently. Whenever a particular point is 
to be selected, the coil lifts the heater base and hence 
mark is made on the Sanborn's paper kept above. The method 
is found satisfactory and if desired all the pens may be 
replaced by heater elements. 

Performance of the plotter 

The plotter is built using mostly indegeneous ccsnponents 
except for a few I. C, gates. The cost of the plotter having 
(8x8) matrix points is within 1000 rupees. However, to get 
a good plot one should have (20x20) matrix points. But this 
will increase the cost. 

21 ■ 
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Drawbacks 

1. Felt pens are inconvenient because they need 
periodic inking, 

2. Due to the physical dimensions of the magnet ^ 
the resolution becomes poor. The distance 
between two points can not be reduced by less 
than 7 mm. 

Suggestions for future work 

The plotter may be improved by making the follcwing 
modifications. Instead of felt pens small heater elCTients 
which can be heated sufficiently with a current of 100 
milliamps and within a time of 100 raillisec, are to be used. 
In this case we need not use the permanent magnets and the 
moving coil. Hence the cost is reduced and the resolution 
can also be improved by having two points as near as 3 mm 
or even less. In this case the heater elements form the 
loads of transistors Tj in Figure 11. The heat sensitive 
paper will be kept pressed against these heater elements. 

For a good plotter, one should have atleast (20x20) matrix 
points, which can be obtained without any mechanical diffi- 
culties . 

We can easily get low time constant heater elements 
by using the following technique. The thermal time constant 
for a given structure depends upon ito themal mass, which 
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includes the physical size of the heated material and the 
thermodynamic mechanisra acting to condtact energy away from 
it. So thin film resistors can be used as heating elements 
which will have low thermal rise time constant. The choice 
of substrate over which the film is made largely governs the 
fall time. Hence for higher speed consideration one has to 
choose the suitable combinations of resistor element and 
substrate. Thin film silicon resistor and ceramic substrate 
{AI 2 O 3 ) are proved to be a good combination. This type of 
plotting head will require only 10 msec current pulse corres- 
ponding to a power level of 100 mw/point to achieve 200°C 
peak temperature. The life of the plotting head is also 
found to be high (50x10 points). 

Here thin film resistors can be heated in 100 millisec 
with a current less than 100 m.a. and the points can be as 
near as 2 ram. By changing the monostable time delay (lOOmsec) 
and the collector load resistance of T^ in Figure 11 (to get 
sufficient current), the same hardware can be used for the 
plotter, using thin film heater elements. 
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APPENDIX A 


ANALOG TO DIGITAL CONVERSION TECHNIQUES 

A voltage analog to digital converter can be defined as 
"a device that accepts a voltage parameter as inpnt and pro- 
duces a coded digital signal as its output*’. 

A-D conversion can be divided into two basic groups; 

1. Open loop type 

2. Feedback type 

The openloop converter generates a digital code directly upon 
application of an input voltage, which is generally asynchro- 
nous . Whereas in feedback technique a series of digital 
numbers is generated, reconTi^eirt*^. into analog voltage and 
compared to the input analog voltage. This goes on until 
both the analog voltages are very nearly equal and the corres- 
ponding digital output is the digitised value of the signal. 

There are different techniques available under each grovtp 
Open loop technique ■ 

1. Analog to frequency 

2. Analog to pulse width 

3 . Simultaneous conversion 
Feedback technique 

’ 1; Ramp and counter methods i 

2. Successive approximation 

3 . Sub ranging method 

4. Double ramp 


Open Loop Technique 
Analog to frequency 
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This is the most popular one due to its simplicity. The 
voltage to frequency converter produces a signal whose frequen- 
cy will be a linear function of analog input voltage. Volt:age 
controlled oscillator (V.C.O) is a circuit of this type. The 
"fixed time base signal" is a digital pulse whose ON period 
is Icnown and very precise. An accurate delay circuit will 
produce a pulse of this type. The leading edge of this fixed 
time base signal will gate the output of the oscillator 
(properly shaped) to the covinter. The counter is initially 
at reset. The oscillator output after proper shaping is 
applied to the counter for the given .interval of the time, 
i.e. ON period of the fixed time base signal. The reading 
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shown by the countei? sifted (5N petiod is the digital 
Se^itStion d£ the analog input voltage. Accuracy.; limitation 
in this technique is due to the non-linearity o£ the V.C.O, 
Analog to pulse width c^^ 


V. 




Start- 

Analog 
inputs 




rxnalog 

ramp 
.generator-. 


Jl 
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to pulse 1 
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Figure 13 j Analog to pulse width conversion 
Here a pulse whose width is proportional to the input 
analog voltage is generated. This pulse controls the input 
to the counter frcan the fixed frequency clock generator. Thus 
the ntiinber of clock pulses to the counter is proportional to 
the pulse width which in turn is proportional to the input 
analog voltage. At the end of this operation, the reading 
given by the counter is the digitised signal. Suppose at 
the end of the pulse the counter is i» state N, a fraction 
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of its maximum value, and the binary fraction H accumulated 
in the counter satisfies the equation 

where is unknown analog voltage and is the reference 

voltage or maximum ramp voltage. 

Feedback Technique 

In this type of analog to digital converters , compara- 
tor is used which compares unknovm analog voltage with some 
standard reference voltage Vjj and indicates which is greater 
and this result is used for further control operation, which 
will in turn either increase or decrease Vq by one step. The 
process- is repeated until Vj^ and are very nearly equal. 
Generally Vp is generated by using ladder network (digital 
to analog conversion). 

Continuous counter encoder 



Figure 14: Continuous counter encoder 
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Input analog signal is compared with the reference signal 
from the output of the decoder. If then count up 

operation vjill be activiated. If < Vj^ then count down 

operation will be done. The process is carried over until 
is differing from Vq by less than one step voltage and the 
corresponding counter reading will be digital output. 
Successive approximation technique 



Figure 15: Successive approximation technique 
This technique is one of the fastest and most commonly 
used. The conversion process consists of starting with the most 
significant bit and successively trying a logic 1 in each bit 
of d/a conversion. The output of d/a converter is compared 
to the analog input voltage as each bit is tried. If 

d/a converter output is larger than then 1 is removed 
fr can the bit and the next most significant bit is tried. 


When 
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V- is larger, then 1 remains in the bit. After the least 
slgnifipant bit is tried, the digital word in d/a converter 
is equivalent to the analog input voltage* 

Illustration of 3-bit successive approximation cohver- 
sion technique is given below. 




APPENDIX B 

LAYOUT OF (8 X 8) MATRIX 
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